Abstract-This paper describes electrothermal microactuators that generate rectilinear displacements and forces by leveraging deformations caused by localized thermal stresses. In one manifestation, an electric current is passed through a V-shaped beam anchored at both ends, and thermal expansion caused by joule heating pushes the apex outward. Analytical and finite element models of device performance are presented along with measured results of devices fabricated using electroplated Ni and p ++ Si as structural materials. A maskless process extension for incorporating thermal and electrical isolation is described. [592]
I. INTRODUCTION
A MAJORITY of actuators that have been developed in the past using micromachining technology utilize transduction mechanisms that are not available in silicon. These actuators typically require the incorporation of magnetic or piezoelectric materials [1] , [2] , shape memory alloys [3] , or even encapsulated fluids [4] . In some applications the use of these materials is prevented by processing constraints or other considerations, and the options are limited to silicon-based actuators, which generally use electrostatic or electrothermal transduction.
The forces generated by both parallel plate and comb-driven electrostatic actuators [5] rarely exceed 10 N in surface micromachined devices, and are often lower than N [6] . Higher forces have been demonstrated with scratch drive actuators [7] - [9] but the displacement from each thrust is nm, and must be accumulated over multiple cycles. With other electrostatic mechanisms the displacements rarely exceed 100 m in resonant operation and 10 m in nonresonant operation, unless gear-trains, inchworms, or other stepping mechanisms are used to accumulate the displacement. Although electrostatic actuators have many advantages such as low temperature coefficients and essentially zero dc power consumption, they require high voltages ( V) that can be incompatible not only with microelectronic power supplies, but with silicon substrates and integrated circuits as well. The incompatibility arises from concerns of dielectric oxide and junction breakdown, and the need to expand layout to accommodate the larger depletion widths associated with elevated voltages. Moreover, with high electric fields on the device surface, the risk of arcing can make the device sensitive to environmental variables such as ambient pressure and humidity [10] .
Past approaches to electrothermal actuation rely on the bending moment created by heating two adjacent materials with different expansion coefficients. Although relatively large forces and substantial displacements can be generated, some important compromises are involved. For example, the motion is typically associated with the bending of a cantilever, and is not rectilinear. Moreover, bimorphs are generally made for out-of-plane actuation [11] . Although out-of-plane actuators can be used for in-plane displacements [12] , [13] , the in-plane forces are typically N. Arrayed out-of-plane actuators have been used as conveyors and positioners [14] - [16] . Planar actuation (parallel to the device substrate) is particularly difficult to achieve since laying the bimorph materials side-by-side complicates the fabrication sequence, and does not necessarily produce a large rectilinear displacement [17] . However, the requirement for disparate materials may be circumvented by using a structure that has two adjacent arms of different widths, resulting in a pseudobimorph [18] , [19] . Such devices require only one structural material even though they operate very much like bimorphs. They are able to accomplish planar motion (parallel to the substrate), with displacements for the polysilicon devices exceeding 20 m [20] . The locus of motion is an arc, and the forces reported are typically below 20 N. Recently, certain synthesized designs have also been reported [21] , [22] . Although most of the past efforts at electrothermal actuation have used polysilicon or electroplated metals as the structural material, shape memory alloy has also been utilized [23] . This material can provide very large displacements and forces, but poses a significant challenge in process integration. In general, electrothermal actuators consume more power than electrostatic ones, but they provide higher forces and can be driven with lower voltages, allowing standard interface electronics to be used.
This article describes in-plane electrothermal actuators based on bent-beam suspensions that have been used very successfully for strain sensing [24] . 1 When an electric current is passed through a V-shaped beam anchored at its two ends, thermal expansion caused by joule heating pushes the apex outward ( Fig. 1 ) [26] , [27] . Bent-beam actuators are fundamentally different from bimorph actuators in that they produce rectilinear displacements and do not use structural segments with differing thermal expansions. (Similar parallelogram shapes have also been used to amplify electrostatically generated displacements [25] .) Compared to other electrothermal devices that provide in-plane motion, bent-beam actuators offer an attractive compromise of displacement, force, scalability and simplicity in design. They can be fabricated with any material that is electrically conductive and has the mechanical strength to serve as an actuator. Both p Si and electroplated Ni are explored as structural materials in this effort. Section II describes analytical and finite element modeling (FEM) of these microactuators; Section III describes the fabrication process and the experimental results, including displacement and bandwidth measurements and force estimates; and Section IV provides the conclusions. An accompanying article that follows this one describes the use of bent-beam actuators in rotary and rectilinear microengines [28] .
II. DEVICE STRUCTURE AND MODELING
The simplest manifestation of bent-beam electro-thermal actuators is a V-shaped beam operated as shown in Fig. 1 . The displacement of the apex is a function of the beam dimensions and slope. It is reduced in almost linear proportion to the magnitude of the external loading force, (Fig. 2) . The maximum displacement, , obtained in the absence of , can be calculated analytically from the beam bending equation with a correction term for the beam compression [24] : (1) where ; ; Young's modulus; expansion coefficient; beam thickness; beam width; moment of inertia of the beam; length defined in Fig. 2 ; bending angle defined in Fig. 2; 1 Portions of this paper have appeared in conference abstract form [26] . The maximum loading force that can be sustained at the apex, , is defined as that at which the displacement of the apex is forced back to zero. It can be calculated analytically to within about 10% of the FEA value by using a formula derived by the complementary energy method: (2) where is the cross-sectional area of the beam, and is the effective bending angle, which may differ from the designed angle as a result of the displacement of the apex, particularly in long beams with a shallow bending angle. Note that the load lines of Fig. 2 can exhibit some nonlinearity near . Equation (2) accommodates beam compression, but ignores bending because strain energy for this is relatively small. The consistency of this formula with FEA was validated for the same dimensional parameters mentioned above, but over a reduced range of 0.05-0.2 rad. for .
Clearly, device performance can be altered by changing the geometry of the beam. In general, the peak displacement of a beam at a given temperature can be increased by making the beam longer or by reducing the bending angle. A higher peak force can be obtained by the opposite changes. The thickness and width of the beam affect the output force in direct proportion. In addition to changes in the beam geometry, higher forces can be generated by placing bent-beam actuators in parallel, and larger displacements can be generated by cascading the actuators. For cascaded actuators, if two primary base units are driven by the same voltage source, the current through the secondary unit will be nominally zero (Fig. 3) . Cascaded devices have significantly larger displacement than simple beams even when the secondary unit is not heated. However, a caveat associated with all large structures, including cascaded arrangements, is that the critical force for vertical (out-of-plane) buckling is reduced. To compensate, the operating temperatures for these devices must be reduced or the thickness of the devices must be increased.
In (1), it was assumed that the expansion coefficient of the structural material is not a function of temperature. Although this makes the analytical solution more tractable, it underestimates the displacement by about 30% for Si devices. The expansion coefficient of Si increases from about 2.5 ppm/K at room temperature to 4 ppm/K at 500 C [29] . Using an expression for the expansion coefficient that provides a linear fit through these points, displacement and force curves were obtained by nonlinear FEA using ANSYS. It was assumed that the substrate does not expand since the net input power is very low. It was also assumed that the actuator has a uniform temperature change along its entire length. This basically means that the primary heat loss from a segment of the beam is to the surrounding rather than to the anchor. Displacements obtained for devices of various dimensions are shown in Fig. 4 . Single beam devices of 1-2 mm length can provide about 10 m of displacement at an operating temperature of 600 C, whereas cascaded arrangements can provide more than 30 m displacement under similar conditions. The FEA also shows that there is a linear tradeoff between the loading force and the displacement (Fig. 5) , which holds for single beam as well as cascaded devices in the range of dimensional parameters tested. Peak forces for the noted examples were in the range of a few millinewtons. These values increase with beam width. It should be noted that the dimensions used for these examples are purely illustrative, and have not been optimized for any particular application.
A. Temperature, Power, and Choice of Materials
Polysilicon, p Si, and electroplated Ni are commonly used structural materials for MEMS, and are good candidates for electro-thermal actuators. The expansion coefficient of electroplated Ni is upto 12-16 ppm/K, which is about four times higher than that of Si. Although this can result in larger displacement for Ni devices, the position of the apex may also change with the ambient temperature because of its expansion mismatch with the substrate, which is typically Si or a type of glass that is ex- pansion matched to Si. While polysilicon devices are expected to operate up to about 600 C (above which in situ annealing can be a threat), and p Si structures may accommodate even higher temperatures, the upper limit for Ni structures is about 350 , beyond which an irreversible darkening of the structure is observed to occur (possibly due to oxidation), along with degradation of the actuation stroke.
Since the thermal isolation of most microstructures with respect to the substrate and the ambient is 1000-10 000 K/W, maintaining a temperature of 600 C requires only 60-600 mW of power [31] . Moreover, the actuation voltages are typically V, permitting the use of standard electronic interfaces that are generally inadequate for many electrostatic actuators.
III. FABRICATION AND TEST
Electrothermal actuators were fabricated with electroplated Ni and with single crystal silicon. The Ni devices were fabricated on a Si substrate with a 2-m-thick plasma enhanced chemical wafer deposited (PECVD) oxide isolation layer capped by a 5-kÅ-thick PECVD nitride layer. A 2-m-thick Ti sacrificial layer was then deposited, followed by a seed layer. The structural Ni was plated into a photoresist mold using a sulfamate solution. Plating was performed at 50-55 C with current densities of -mA cm . Following this, the mold was stripped and the seed and sacrificial layers were etched to release the devices. In a variation of this process the Ni structures were then selectively plated with 500 Å Au by immersing for 10 min in an electroless plating solution (Alfa Aesar #42 307) at 60 C. The Au coating appears to elevate the operating limit from C to C. This increases the peak displacements achievable with Ni devices. The Si devices were fabricated by the dissolved wafer process [30] . The sequence involved first recessing an Si wafer everywhere except at the device anchors, then performing an unmasked boron diffusion to define the thickness of the microstructures. This was followed by a vertical dry etch through the boron diffused layer to define the shape of the microstructures. The silicon wafer was then anodically bonded to a glass wafer and the undoped Si dissolved in EDP, leaving the microstructures attached to the glass substrate.
Some of the fabricated samples were coated with self-assembled monolayers after the sacrificial layer etch in order to circumvent stiction-related problems. A set of fabricated p Si actuators is shown in Fig. 6 . The devices were equipped with integrated vernier scales to measure displacement. The resolution of the verniers wasm, depending upon the design.
A. Electrical and Thermal Isolation
A potential drawback of thermal actuators is the ability to confine the current and heat flow for applications that are sensitive to these parameters. However, this can be addressed by a maskless extension to the fabrication process that provides dielectric sidewall spacers. This requires a minor modification in the device layout to provide cuts in the beams at the desired isolation points. A blanket deposition of dielectric such as PECVD or LPCVD nitride or oxide followed by a maskless anisotropic dry etch forms dielectric sidewalls for the device that also refill the cuts (Fig. 7) . A number of cuts can be located in series along a beam to increase thermal isolation as desired. This approach extension adds minimal complexity, and can easily be integrated into a standard MEMS or IC process. Si actuators. The single beam device was 800-m long, 13.9-m wide, 3.7-m thick, and had a bending angle of 0.2 rad. With no external loading it generated a static displacement of 5 m at mW input power, which required a 12-V bias. The loading force , necessary to reduce the displacement to zero, was calculated from (2) for the specific dimensions of this device, and is marked on the right vertical axis of Fig. 8(a) . The value of Young's modulus used in these calculations was 180 GPa. Under these conditions, a of m corresponds to an of 8.3 mN. The cascaded actuator had three identical beam elements that were similar to the single beam actuator except that the bending angle was 0.1 rad. This device generated m displacement at 40 mW input power, which required a 2.9-V bias. Both primary units were driven by the same power supply. For the cascaded actuators, the force corresponding to each was determined by FEA, yielding 132 N for 3 m using the specific dimensions of this device. Both plots in Fig. 8 show an approximately linear relationship between the maximum displacement and the input power, suggesting that conductive heat loss dominates in the tested region of operation. The minor variations from linearity are probably due to the vernier resolution limit. The average increase in temperature in a single beam actuator or in the primary units of a cascaded actuator can be estimated from the change in resistance as the input power is increased. Fig. 9(a) and (b) plots the resistance and the corresponding increase in average temperature for the devices of Fig. 8(a) and (b), respectively. A value of 1818 ppm/K was used as the temperature coefficient of resistance (TCR) of p Si [31] . Piezoresistance effects were ignored because the devices were tested without external loading, and the thermal stress is almost entirely relieved by the displacement. Even for cases in which residual stress may exist in the deformed devices, piezoresistance effects can account for only about 15% of the net resistance change because the TCR is relatively large. Fig. 10 compares displacement measurements obtained from three p
B. Measurements of Displacement, Force, Speed, Reliability
Si single beam actuators which differed in bending angle. All three devices were 800 m long, 13.9 m wide, and 3.37 m or 4.75 m thick, as indicated in the figure. As predicted by theory, the 0.1 rad. bending angles result in larger displacements than 0.2 rad angles. However, they create higher compressive forces that may lead to lower operating lifetimes. (This aspect of performance is under investigation, and will be reported separately.) In addition, the buckling temperature reduces as the bending angles are decreased. Fig. 11 compares the performance of several cascaded p Si actuators. In each case the beam segments are 800 m long, 13.9 m wide, and 3.37 m or 4.75 m thick. Bending angles vary between devices, as indicated on the figure, although all three segments of each actuator have the same bending angle. Shallow bending angles are associated with higher displacements in these devices as well. Fig. 12 shows the measured static displacement as a function of input current for an electroplated Ni single beam device with 410 m length, 6 m width, 3 m thickness, and 0.05 rad bending angle. The relationship appears quadratic, as expected, since the input power to the actuator is related to the square root of the device current. The figure also shows that relatively high currents may be needed for actuation when the actuator resistance is very low, as in this case. At 210 mA input current the resistance of this device was 5.5 , corresponding to 79.2 mW of input power. Thermal actuators are generally slower than electrostatic ones because the thermal time constants involved are longer than the electrical and mechanical time constants for many microstructures. However, preliminary tests for both simple and cascaded devices indicate that nonresonant actuation frequencies in excess of 1 kHz are reasonable (Fig. 13) . The measured db bandwidth for both devices was 700 Hz. This relatively high bandwidth exists because of the very small thermal mass of these structures.
For the devices used in this effort, the primary heat loss is by conduction to the substrate, which occurs through the air gap underneath the beam and through the anchors. It is worth noting that while testing, no cross-talk was ever observed between devices-even those in close proximity to each other. This implies that the heating is well isolated, and that standard microsensor packages can be used. Additionally, if the heat (and current) are further confined to selected beams by the technique illustrated in Fig. 7 , short thermal time constants can be maintained even for larger and more complex mechanisms.
Preliminary tests were conducted to assess the reliability of p Si single beam actuators. A device similar to that used for Fig. 8(a) was exercised with a 6-V, 300-Hz square wave for a total of six million cycles. There was no degradation in the amplitude of the motion to the extent that could be determined by the integrated vernier. However, it is reasonable to expect that device lifetime is related to drive amplitude. Additional studies are being conducted to determine the operation limits, which will be reported separately [32] .
IV. CONCLUSION
This effort has examined simple and cascaded arrangements of bent beam thermal actuators. The devices were modeled both analytically and by FEA, showing that the former approach is suitable for a wide range of temperatures, and also showing that the device response in both peak force and displacement is linearly related to temperature (and thus input power). A number of different devices were fabricated using p Si and electroplated Ni as the structural materials. Measurements verified that displacements of 10 m could be achieved by single beam (Ni) devices with a power dissipation of 80 mW, and output forces mN could be achieved (in p Si devices) with input power mW. It was also demonstrated that cascaded devices offered an improvement of about 2-4 in displacement. The Ni devices offer larger displacements than the Si devices at equal temperatures because of the higher expansion coefficient of the former material. However, the peak operating temperature of the Si devices is higher. The Ni devices require current in the 100 mA range and voltage in the 2 V range, because they typically have resistance . In contrast, the Si devices require current in the range of 10 mA range and voltage typically V, which are easier to supply through standard integrated circuits. The operational frequency range of both single beam and cascaded p Si devices was shown to exceed 1 kHz. With the electrical and thermal isolation scheme that was presented, it may be possible to sustain these bandwidths for larger structures as well.
In summary, with the displacements, forces, operating frequencies, power consumption, and actuation voltages demonstrated, bent-beam actuators may offer suitable compromises for drive options in several microelectromechanical applications.
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